Introduction
Strokes are a major cause of death and the most frequent cause of permanent disability in adults worldwide. According to the latest statistics, approximately 6.7 million people died from strokes around the world in 2012, and there are currently 33 million stroke survivors that need long-term follow-up and secondary preventive measures globally. (1) . The risk of an ischemic stroke occurs when a cerebral blood vessel is ruptured or occluded, contributing to a variety of acute and chronic brain diseases (2, 3) . Therefore, a safe and effective therapy that can target multiple pathways for neuroprotection is urgently needed. Oxidative damage plays a detrimental role in the pathophysiology of cerebral ischemia and may represent a therapeutic target. Hydrogen, the most basic gas in nature, was recently reported as a therapeutic antioxidant by selectively reducing cytotoxic oxygen radicals (4) . However, there are no studies concerning the effects of hydrogenrich saline on the expression of heme oxygenase-1 (HO-1) in cerebral ischemia reperfusion in rats. The aim of this study was to demonstrate the antioxidative functions of hydrogen-rich saline on cerebral ischemia reperfusion and to discuss the mechanism of this process
Materials and methods

Preparation and preservation of hydrogen-rich saline
The hydrogen-rich saline was purchased from the Second Military Medical University in Shanghai and was prepared according to the methods of a previous study (5) . The hydrogen-rich saline was stored under atmospheric pressure at 4 °C in an aluminum bag without dead volume. It was freshly prepared on a weekly basis to ensure a constant concentration of >0.6 mmol/L (6).
Cerebral ischemia reperfusion model and animal groups
Adult male Sprague-Dawley rats (weighing 280-320 g) obtained from the Experimental Animal Center of Shandong University, Jinan, China, were used in this study. The animals were anesthetized with a 3.5% chloral hydrate solution (1 mL/100 g, i.p.). Middle cerebral artery occlusion (MCAO) was induced by an intraluminal filament method as described previously (7) . Briefly, the left common carotid artery (CCA) and the external carotid artery (ECA) were exposed. Following this, a 3-0 surgical monofilament nylon suture was carefully inserted from the external carotid artery into the internal carotid artery (ICA) and was advanced in a forward manner to occlude the origin of the left middle cerebral artery (MCA) until a light resistance was felt (18-20 mm from the CCA bifurcation). After 2 h of MCAO, the nylon suture was withdrawn, followed by 46 h of reperfusion. Twelve rats were treated with hydrogen-rich saline (1 mL/ kg) after the start of the reperfusion. Twelve saline (1 mL/ kg)-treated animals were used as the control. Another 12 sham-operated animals were also used. All experimental protocols were approved by the Institutional Animal Care and Use Committee of Binzhou Medical College, China.
The measurement of superoxide dismutase (SOD) and malondialdehyde (MDA)
To determine the levels of SOD and MDA, the brain tissues were isolated 48 h after reperfusion. A 10% (w/v) homogenate was prepared in ice-cold saline. The homogenates were centrifuged at 3000 × g for 15 min at 4 °C. The supernatant was used for bioassays in line with the methods provided by the assay kits (Jiancheng, China). The assay results were normalized by a protein concentration in each sample. The activity of the SOD was determined using a detection kit following the manufacturer's protocol. Optical density was determined by spectrometer at 550 nm, and then the SOD activity was reported in U/ mg protein. MDA was measured with a thiobarbituric acid (TBA) test. MDA reacts with TBA to form a red adduct (MDA-TBA). MDA-TBA has a maximum absorption at 532 nm; thus, it can be detected by a colorimetric method.
Histopathological investigation
The isolated ischemic cerebral cortex and hippocampus were fixed in 10% methanol, embedded with paraffin, and cut into 4-µm-thick sections. Stained with a hematoxylin and eosin (H&E) staining method and observed under a light microscope (Olympus X71-F22PH, Japan), the percentage of injured neurons was calculated and analyzed.
Immunohistochemical staining
The ischemic cerebral cortex and hippocampus were fixed in 10% formalin for 48 h and embedded in paraffin. Tissues were sectioned at a thickness of 4 µm, deparaffinized, and stained with an antirat HO-1 antibody (diluted 1:500), followed by a horseradish peroxidase-coupled antirabbit IgG antibody. Immunostaining was performed by 5 min of incubation with diaminobenzidine (DAB). PBS was used as the primary antibody in the negative control. The DAB staining intensity was assessed with a microscopic image analysis system (GX51, Olympus, Japan).
Real-time reverse transcription polymerase chain reaction assay
Total RNA was isolated from the ischemic brain tissue using a TRIzol reagent and subsequently reverse-transcribed to cDNA using TaqMan Reverse Transcription Reagents. Real-time PCR was performed using SYBR Green PCR Master Mix reagent kits and the specific primers (Table) . Data were analyzed using the comparative threshold cycle (Ct) method.
Statistical analysis
All of the data were analyzed using SPSS 16.0. Differences among groups were analyzed using one-way analysis of variance (ANOVA) followed by Fisher's least significant difference (LSD) test. All of the values are expressed as mean ± SEM. The results were considered significant at P < 0.05.
Results
Antioxidant effects of hydrogen
MCAO-induced antioxidant enzyme changes are shown in Figure 1 . One-way ANOVA showed that at 48 h after reperfusion, SOD levels were much lower than that in the sham group (F = 4.358, P = 0.026), while MDA levels were higher (F = 3.488, P = 0.034). Treatments with hydrogen increased SOD levels (F = 4.760, P = 0.013) and decreased MDA levels (F = 4.865, P = 0.015) compared with the sham group, which shows that hydrogen saline injection significantly suppressed oxidative stress in ischemic brains.
Histopathological results of ischemic cerebral cortex and hippocampus
Micrographs showed variable degrees of neuron injury in the model group. The obvious changes appeared in the model group, in which neuron reduction with nuclei shrinkage, loss of Nissl bodies, and severe vacuolization had developed. The percentage of injured neurons in the hydrogen treatment group was significantly reduced (F = 3.759, P = 0.028) compared with the model group (Figure 2 ).
HO-1 expression by immunohistochemistry HO-1 expression shows up as a brown staining in cells.
One-way ANOVA showed that the HO-1 expressions in the model group increased more (F = 3.855, P = 0.024) than in the sham group. Moreover, they increased significantly higher (F = 4.722, P = 0.013) in the hydrogen group than in the model group, both in the ischemic cerebral cortex and the hippocampus (Figure 3 ).
HO-1 mRNA expression by RT-PCR
Real-time RT-PCR was performed to determine the relative levels of HO-1 mRNA transcriptions in the rat hippocampus tissue. As shown in Figure 4 , the results showed weak HO-1 positive signals in the brain tissue in the sham group. In contrast, one-way ANOVA showed that a significant increase of the HO-1 mRNA transcriptions was found in the hydrogen group compared to the model group (F = 1.235, P = 0.320).
Discussion
It is well known that oxidative metabolism is essential for the survival of brain neurons and, during these processes, large amounts of free radicals (reactive oxygen and nitrogen species, ROS) are produced (8) . Normally, there is a balance between the ROS generation and the endogenous antioxidant systems. Oxidative stress is a major cause of neuronal injuries induced by cerebral ischemia and reperfusion (9, 10) , which leads to ischemic cell death involving the formation of ROS through multiple injury mechanisms such as mitochondrial inhibition, Ca 2+ overload, and inflammation (11, 12) . Although the exact mechanism of cerebral ischemia reperfusion injury remains elusive, accumulating evidence has suggested that ROS produced by reperfusion after ischemia plays an important role in neuronal injury. In our results, increased MDA and decreased SOD in the model group (Figure 1 ) led to the injury of neurons both in the hippocampus and the cerebral cortex (Figure 2) .
On the basis of this fact, antioxidative agents have been shown to be neuroprotective. Previous studies demonstrated that strategies used to reduce oxidative neuronal injury should have beneficial effects in improving the outcomes of ischemic stroke (13, 14) . HO-1 is a phase II defense enzyme that possesses a potent antioxidative ability. This catalyzes the degradation of heme into carbon monoxide, biliverdin, and ferritin, and previous studies suggested a positive correlation between HO-1 expression and neuroprotection in ischemic strokes (15) . The overexpression of HO-1 in the brain of mice produces neuroprotective effects against permanent MCAO, and the induction of HO-1 by pharmacological intervention protects the brain from ischemia-reperfusion injury (16) . Some research has shown that the activation of the Nrf2/HO-1 antioxidant pathway contributes to the protective effects after ischemia reperfusion-induced damage (17) . Furthermore, pharmacological induction of HO-1 has been shown to protect the retina from acute glaucoma-induced ischemia and reperfusion injury (18) .
The production of both antioxidants by HO-1 may help increase the resistance of the ischemic brain to oxidative stress.
The close relationship between oxidative stress and cerebral ischemia has generated considerable interest in developing antioxidant therapies to combat ischemiainduced damage (19) . It should be pointed out that HO-1 could be induced by some flavonoids such as 7,20-dihydroxy-8-hydroxyethyl-40-methoxyflavane-20-O-b-D-glucopyranoside (20) and hesperidin (21) .
Hydrogen is considered to be a novel antioxidant as it inhibits inflammation, removes oxygen-derived free radicals, and reduces oxidative damage (6) . We have demonstrated that hydrogen could play a significant antioxidative role by upregulating the levels of HO-1 mRNA and the expression of HO-1 (Figures 3 and 4) . The mechanism of the antioxidative effect of hydrogen in hemorrhagic shock may be associated with its antiinflammatory effect. This hypothesis is supported by previous studies (22, 23) and the results of the present study indicate that the neuron injury after cerebral ischemia and reperfusion was ameliorated because of the increased levels of HO-1 induced by hydrogen (Figure 2) .
In summary, the present study suggests that MCAOinduced oxidative stress followed by upregulated MDA levels and downregulated SOD levels lead to the injury of neurons in the hippocampus and cerebral cortex. However, hydrogen has an antioxidative role and neuron-protective effects by upregulating the levels of HO-1.
